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ABSTRACT

For the first time, the novel combination of sevplastic deformation (SPD) and Additive
Manufacturing (AM) in a single process sequence &gdored. 316L stainless steel (316L
SS) alloy was firstly fabricated by Selective Laddelting (SLM) AM process and
subsequently processed by high-pressure torsiomHHPD technique under a constant
pressure of 6 GPa for different torsional revalns. All the processed samples were
subjected to electrochemical testing in a 3.5 WN&E| aqueous solution using open-circuit
potential, potentiodynamic polarisation, and elsdtiemical impedance spectroscopy
techniques, and characterised with scanning eleatmwroscopy (SEM) and transmission
electron microscopy (TEM)The microscopic measurement results revealed Heatntelt
pools and cellular structures obtained via SLM Ieeoincreasingly refined through
increased HPT revolutions, accompanied by sigmifiqaorosity reduction and significant
increase in microhardness. TEM observations redealbomogeneously distributed nano-
scale grains after 10 turns. Moreover, the resdiksnonstrated that HPT processing

significantly enhances corrosion performance of3h6L SS alloy in NaCl solution, due to



the cellular structure refinement, homogeneous astancture distribution, and the
substantial removal of pores and defects. SEM areitgy dispersive x-ray spectroscopy
(EDX) analysis were also carried out on the cordosi@mples to determine the influence of

cellular structure refinement on the corrosion abteristics of the 316L SS alloy.

Keywords: Selective Laser Melting, High-pressure Torsion, L316tainless steel,

Microhardness, Corrosion behaviour
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1. Introduction

Additive Manufacturing (AM) of metals has emergesl the sought-after manufacturing
process for highly critical components which requiow volume productions and mass
customisation, particularly aerospace, automotiné hiomedical industries. For example,
turbine blades, race car components and bone inspteave all been successfully fabricated
by AM, with the parts having similar or even superiproperties compared to those
manufactured using traditional processes [1-3]ré&ly, there are two classes of metal AM
processes which are being widely studied includtogvder Bed Fusion (PBF) and Directed
Energy Deposition (DED) [4]. The PBF technique dleStive Laser Melting (SLM) is

chosen as the focus of this study due to its céfyabf producing much finer microstructures
with low porosity levels, and hence typically betteechanical and functional properties

compared to its DED counterpart [5,6].

On the other hand, high-pressure torsion (HPT)ne of the severe plastic deformation
(SPD) techniques that imposes significantly highiss on bulk metallic materials to achieve
exceptional grain refinement, thus leading to tbemftion of ultra-fine grained (UFG)

metallic materials which possess grain sizes < dwitinimproved mechanical properties. To
date, HPT has been widely used to produce UFG tates compared to other SPD
techniques, e.g. Equal Channel Angular PressindA@B{7-9]. This is because HPT is more

advantageous compared to ECAP due to its simplemratipg mechanism, its effectiveness in
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obtaining much smaller grains [10-12], and its téfg to produce a larger amount of grain

boundaries with high misorientation angles [13,14].

Of the many metals and alloys that have been thgesuof various PBF AM and HPT
research [15-20], 316L stainless steel (316LSSdfigarticular interest because of its
excellent corrosion resistance properties, whiclhes reason it is being widely used in
applications where high level of corrosion resis&ais more important than other properties,
e.g. hardness and strength. At present, such apiphs include petrochemical industry,
marine engineering, food and beverage preparingstordge, and biomedical implants. This
austenitic type of stainless steel obtains itsasdon resistance characteristic via the presence
of chromium & 11 wt. %) which forms a thin layer of passive,@y oxide film on the
surface of the material [21]. The addition of a Bramount of molybdenum further enhances
the corrosion resistance by preventing corrosidribiting anions that may be present upon
exposure to a corrosive environment [22]. Low carbontent € 0.03 wt. %) in 316L SS is
also advantageous as it could inhibit the predipmaof carbides at grain boundaries which

contributes to intragranular corrosion, especiilwelding process [18].

Many studies have revealed numerous factors thdtl gofluence the corrosion performance
in metals and alloys, including grain sizes, caowsanedia (electrolyte solution), and the
surface condition of the materials, e.g. defectsfase reactivity or surface modification

[22,23]. For example, Di Schino and Kenny [24] iatited the deterioration of corrosion

resistance for fine-grained 304 stainless stedlifigsizes < 2 um) in a sulfuric acid medium
to the destabilisation of passive oxide layerdhatdgrain boundaries. Li et al. [25] found that
the increase in corrosion rates in nanocrystaljrened low carbon stainless steel (grain
sizes < 50 nm) produced by ultrasonic shot peemiag due to the increased amounts of
active sites that enhanced corrosion attacks. Anattudy on ECAP processing of Fe-20%Cr
steel observed that the UFG structure improvegitii@g resistance, and hence the corrosion
resistance when immersed in a 1000 mdINMaCl solution. On the other hand, high porosity
levels and the presence of cracks have been faundntribute towards the deterioration of

corrosion performance in AM-fabricated stainleggkalloy samples [26].

However, the influence of HPT processing on theasion resistance of SLM-fabricated
316L SS is currently unknown because these twoniquaks (SLM and HPT) have never
been studied together. In this study, 316L SS sesnpkre initially fabricated by SLM and
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then processed through HPT. The microstructurecanabsion resistance of HPT-processed
samples were investigated and compared to thditeods-received specimens. The corrosion
resistance of both as-received and HPT-processagplea was carried out by conducting
electrochemical tests in a sequence of open-cirpoitential (OCP), electrochemical
impedance spectroscopy (EIS), and potentiodynariarigation in a 3.5% NaCl aqueous
solution.

2. Material and methods
2.1 Material and sample preparation
Gas-atomised 316L SS powder supplied by ConcepérL@nbH (CL) was used in this

study. The powder particles were spherical witle sistribution ranging from 5 — 55 um,

having an average patrticle size~of25 um (Fig. 1). The chemical composition of 316k S

powder is shown in Table 1.
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Fig. 1 316L SS powder particle morphology (a), and plrsize distribution (b).

Table 1
Chemical composition of 316L SS used in this st{vay6).

Cr Ni Mo Mn Si P C S Fe
316LSS 18.43 12.2 2.46 1.86 0.75  0.032 0.02 0.01 Bal.

A 200 mm long cylindrical rod with a diameter of &ln was manufactured using a Concept

Laser M2 ‘Laser Cusing Selective Laser Melting KL machine. The processing



parameters of the machine used in this study afellasv: (a) laser power: 200 W, (b) scan
speed: 1600 mmi’s (c) layer thickness: 30 pm, (d) scan stratedginis/ checkerboard (5 x 5
mnY). The SLM process was conducted in a protectiv@mifer containing nitrogen gas
under an operating temperature of@1 The build orientation of the rod was vertically

upright, perpendicular to the build area (subs}rate

Prior to HPT, the as-received cylindrical rod waachined to a diameter of 9.8 mm and then
sliced into a series of thin disks having a thidswef~ 1 mm before being ground with 800
grits SIiC abrasive paper to a thickness in the gaofy 0.81 mm to 0.86 mm. Quasi-
constrained HPT processing was carried out on a fdBility at room temperature to limit
material outflow from the periphery of the disk gdes [27]. The facility consisted of an
upper and a lower anvil containing flat, circulapdessions at their centres with depth and
diameter of 0.25 mm and 10 mm, respectively. Theeu@nvil was fixed in position, while
the lower anvil moved upwards to impose compresfvee and then exert torsional strain
on the samples. The samples were subjected toed piressure of 6 GPa under a constant
rotation speed of 1 rpm in an anti-clockwise dikactfor 1/4, 1/2, 1, 5 and 10 turns. The

equivalent straing imposed by HPT can be calculated by the followeggation [9]:

2nNR
E =

hV3

(Egn. 1)

whereN is the number of turn® is the distance from the centre, dnid the initial thickness

of the sample.

2.2Porosity, microstructural characterisation, androtiardness test

Porosity is a common defect in AM-fabricated métalkomponents. ImageJ analysis
software was used to characterise the pores ireasved and HPT-processed 316L SS
samples from the optical micrographs obtained du@M observations. 10 micrographs
were used for each sample (as-received, HPT 12, /5, and 10 turns). Firstly, the
micrographs were binarised, i.e. converted intalbland white using a pre-set threshold
value, in which black corresponds to porosity whilbite is the fabricated sample. The
volume percentage (vol. %) of pores in the sampésbe obtained by calculating the ratio



of black and white pixels. Surface area analysis alao carried out to determine the average

pore size in the samples.

Optical microscopy (OM), scanning electron micrgsc¢SEM), and Transmission Electron
Microscopy (TEM) were used to characterise the osituctures of the as-received and HPT-
processed 316L SS samples. Prior to OM and SEMsahwles were ground using 1200 and
4000 grits SiC abrasive papers, polished using Gapdhl um diamond paste to a mirror-like
surface finish. The samples were then etched usailing’s No. 2 reagent (50 ml HCI, 50
ml ethanol, and 2g cupric chloride powder for a hfiGolution) to reveal the microstructures
of the samples. Prior to TEM, the disk samples weeehanically ground down to 80 nm and
subsequently dimpled to form large thin slices gsandimple grinder (Model 656 Gatan).
The thin slices were then ion-polished using PIPSGatan. SEM observations were
conducted using JSM-JEOL 6500 FEI machine, whildMT@bservations were carried out
using FEI Talos 200 TEM/STEM machine. The averagengsize obtained after 10 turns

was estimated using the intercept method [28].

Vickers microhardness (HV) tests were conductedh@nas-received and HPT-processed
samples using a Matsuzawa Seiki MHT-1 microhardtester under a load of 100 gf with a
dwell time of 15 s. 20 individual indentations wenade at locations 3 mm from the centre of
the samples and then averaged to obtain its miciokas value.

2.3 Corrosion testing

Prior to corrosion testing, the as-received and gRtessed samples were wet ground with
1200 and 4000 grits of SiC abrasive papers, foltbwg polishing with 6 pm and 1 um

diamond pastes. The samples were placed insidél@Tsample holder which served as the
working electrode, in which an area of 0.28%amas exposed to the electrolyte solution. A
three-electrode electrochemical cell immersed 586 NacCl electrolyte solution was used
to conduct the corrosion tests with a Gamry Refee®00 potentiostat. The experiments
were carried out in a Faraday cage at room temyrerad standard Ag/AgCl electrode in 3.5

M KCI solution and a graphite rod were used asresiee and counter electrodes,

respectively.



The samples were initially immersed in the 3.5% Ns@ution and then held for 1 hr to
achieve a quasi-steady open-circuit potential. ttdebemical impedance spectroscopy was
then carried out with respect to OCP with a sindaloAC voltage amplitude of £10 mV over
a frequency range of 100 kHz to 10 mHz. Subsequetité potentiodynamic polarisation
behaviour was determined over a range of -0.2 ¥.50V against OCP at a scan rate of 0.17
mV s*. All electrochemical measurements were repeatdeaat three times to ensure high
statistical accuracy. SEM observations were themiech out on the corroded samples to
compare the influence of HPT processing on theostn performance of SLM-fabricated
316L SS.

3. Results
3.1Porosity, microstructure, and microhardness of hirdcessed 316L SS

Fig. 2 shows a difference in the porosity levelth@ as-received and 1/4 turn HPT-processed
SLM 316L SS samples. A significant decrease in gityd91.4%) from 0.679 + 0.051 % for
the as-received sample to just 0.058 + 0.011 %h#erl/4 HPT turn was obtained from image
analysis. In addition, the average pore size deerkdrom 24.86 + 18.81 um in the as-
received samples to only 4.87 £ 4.31 um after 14 lfevolutions.

As-received 1/4 turn

Fig. 2 Significant contrast in porosity in the as-receia) and 1/4 turn HPT-processed (b)
SLM 316L SS samples.

The results suggest that even a small number of tdRilis capable to effectively ‘close’ the
pores and dramatically reduce the size of the lpgges. As shown in Fig. 3(a), a wide pore
size distribution could be observed in the as-keeiSLM samples, ranging from 0 — 70 pum.
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Most of the pores lie in the range between 10 44D However, the pore sizes of > 50 um
initially observed in the as-received SLN sampleensffectively ‘closed’ after 1/4 turn (Fig.
3(b)). As a result, these pores experienced immsiasereduction as indicated by the higher

pore count in the 0 — 5 um range.

250

(a)60 | I As-received | | (D) I 1/4 turns
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Fig. 3 Pore size distribution in as-received (a) andHPA turn-processed (b) sample.

Fig. 4 shows the microstructures of the as-rece®ed-fabricated 316L SS samples, which
was observed in the x-y plane, i.e. in the scaectlon. It is clear that SLM processing

yielded different microstructures compared to contamal manufacturing processes; in this
case, small square ‘islands’ representing melt gpdloat correspond to the ‘island’ scan
strategy, and also cellular structures. These rsiarotures are similar to those obtained in
previous studies by Zhong et al. [29] and Trelevatal. [22]. However, both studies utilised
different scan strategies, and hence the melt pwottures were different than obtained in
this study. Nevertheless, the cellular structureghich resemble typical welding

microstructures could not be considered as acttahg as they possess low angle grain
boundaries [29]. In addition, only spherical pocesild be seen mainly at the edges of the
small ‘islands’ (Fig. 4(a)), indicating that therpe were produced during powder production
and not the result of the SLM process. Furthermoo&-spherical pores or cracks were not
observed in the as-received SLM samples, which esigghat optimum processing

parameters were used in this study.

In Fig 4(b), the laser scan direction could be oles to begin from the top towards the
centre. The scan trace becomes thicker towardsetige of the scan and the melt pool

boundary becomes more apparent. At the highest ifigion limit of OM, two distinct



microstructures are evident at each side of the pw#l boundary. Fine elongated (area A)

and equiaxed (area B) cellular structures couldidserved in Fig. 4(c), respectively.

SEM observations revealed a clear cellular strectuth cell sizes- 0.5 — 1.5 um, which is

in agreement with previous studies [29], [30]. Tb&lular (equiaxed and rectangular bar-
shape) sub-structure is formed due to the rapidh-equilibrium heating/cooling cycle

experienced during SLM (Fig. 4(d)). It was foundttkhe cell boundaries appeared brighter
compared to the cells, which might indicate enriehtnby heavier elements [31]. Hence,
EDX analysis was performed on the as-received SIML3SS sample to distinguish the
elemental composition inside the cell and at tHelmmindaries (area C and D inset of Fig.

4(d), respectively) and the results are displapetable 2.

Table 2
Chemical composition of marked areas in Fig. 4di. %.
Area Cr Mn Fe Ni Mo
C (inside cell) 17.90 1.90 63.69 13.84 2.67
D (cell boundary)  20.20 1.40 60.17 12.94 5.29

Fig. 4 As-received SLM 316L SS microstructure obtainemimfroptical microscopy (OM).

Blue indicates surface for microstructural obseorafx-y plane).



Indeed, Cr and Mo enrichments with slight decraaddi content were observed at the cell
boundaries compared to those inside the cells.afheunt (wt%) of Cr, Ni, and Mo in the
fabricated structure (Table 2) are higher than d¢iiale initial powder composition (Table 1),
while that of Fe is lower in the final part. Neveless, such elemental segregations into the
cell boundaries are expected to influence the s@rocharacteristics of SLM 316L SS
samples [22]

Fig. 5 shows the microstructural evolution of SLMEB SS samples processed through 1/4,
1/2, 1, 5 and 10 HPT revolutions 3 mm from the enbtained from OM observations. At
lower number of turns (1/4, 1/2, and 1), the ‘islatraces (melt pools) become increasingly
elongated and disoriented as the number of turcre@sed, which are expected due to the
increasing amount of torsional strain applied as thumber of HPT turns increased.
However, the melt pools became extremely distoé@r 5 turns (Fig. 5(d)) before
disappearing completely after 10 turns (Fig. 5(€))is could suggest that homogeneity was

reached due to the saturation in torsional strelimexed after 10 turns.
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1/4 turn 1/2 turn

Fig. 5 Microstructural evolution of HPT-processed SLM B1®S samples from OM.

SEM observations (3 mm from the centre) shown m Birevealed increasing distortion of
the cellular structures with higher HPT revolutionsspectively. The cells in the 1/2 turn-
processed samples (Fig. 6(b)) are more lengthemedapear to rotate more than that of the
samples processed through 1/4 turn (Fig. 6(a)erAftturn, the cells appear to be much more
distorted (Fig. 6(c)). This implies that the efeof HPT processing are more apparent as the
number of turns increased due to higher torsiomains in accordance with Eqn. 1.

In addition, the cellular refinement are more exteeafter 5 turns , (Fig. 6(d)), which

continues until 10 turns and yielded a relativeymogeneous cell distribution (Fig. 7a).
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Indeed, the TEM micrograph shown in Fig. 7(b) iradés a homogeneously distributed nano-
scale grains (average grain size: 33.7 = 14.6 rbtgilmed after 10 turns. In addition, the cell
boundaries also become thinner as the bright anelisating the boundaries become less
apparent especially after 5 and 10 turns. Thesgestighat extreme refinement and elemental
segregation might occur after 5 turns, which cddse significant impact on the mechanical

properties and corrosion resistance.

o> > >

¢ Al . 5 Vs C
SEI SEI 15.0kvV  X3,000

Fig. 6 Microstructural evolution of HPT-processed SLM B1%S samples from SEM.
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SEI 15.0kv  X3,000 I;nn_ WD 14.0mm

Fig. 7 SEM (a) and TEM (b) micrographs of 10-turn HPTgessed SLM 316L SS.

Fig. 8(a) displays the microhardness of the asiwedeand HPT-processed 316L SS samples
manufactured by SLM, while Fig. 8(b) shows the esponding strain values for each HPT
revolution. HPT processing was able to significamtiprove the microhardness of the SLM-
fabricated samples, from 250 + 16 HV to 346 *+ 24 kivcrement of 38%) even after 1/4
revolutions only. The average microhardness vatoesinue to rapidly increase before only
improving gradually after 5 HPT revolutions. Thiggimt indicate that the microstructures
become increasingly close to homogeneous distdbuieyond 5 turns and peaked at 526 +
13 HV after 10 turns. It is interesting to notetttige error bars for the HV become bigger as
the number of turns increase to 1/2, then beconadlesnup to 10 turns.

This is in good agreement with the SEM micrographBigs. 6 and 7(a) in which the cells
are considerably smaller and more uniformly distigldl beyond 1 HPT revolution. Such
microstructural refinement has been reported tattsébuted to large amounts of stresses and
shear strains imposed due to HPT processing wkmllts in higher dislocation densities and
eventually improved microhardness values [32—34j.tli2 other hand, while only a gradual
increment in equivalent strain values could be olesk from the as-received up to 1 turn
HPT-processed samples, a significant jump in edemiastrain could be observed from 1 to 5
turns and from 5 to 10 HPT revolutions (Fig. 8(however, even though a substantial
increase in equivalent strain was obtained uporgssing through 5 and 10 turns, only a
marginal increase in HV values could be observedgeasting that a critical value leading to
saturation in torsional strain and thus microstrcelthomogeneity is closer to be attained.
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Fig. 8 Microhardness (a) and corresponding equivaleiatirstib) of as-received and HPT-
processed SLM-fabricated 316L SS.

3.2Corrosion performance of HPT-processed SLM 316L SS

Electrochemical tests, including OCP, potentiodyiapolarisation, and EIS measurements,
were carried out to investigate the influence offHfPocessing on the corrosion performance
of SLM-fabricated 316L SS samples in a 3.5 % Naftiesmus solution.

3.2.1 Open-circuit Potential

The variation of OCP with immersion time was used an indicator to evaluate the

formation, dissolution, and stability of passivadexlayer, i.e. the corrosion tendency of the
as-received and HPT-processed SLM 316L SS sampl@scorrosive environment (3.5%

NaCl solution). Plots of OCP against immersion tiofi@ip to 1 hr for all samples are shown
in Fig. 9.

A positive shift in potential indicates the fornmatiof a passive oxide layer on the surface of
the sample, which implies a reduction in corrosiendency and hence an improvement in
corrosion resistance. On the other hand, a negatiife in potential indicates breakage or
dissolution of the passive oxide layer, or evenrtbe-existence of such protective layer. This
implies increased tendency to corrosion and heedeiation in corrosion resistance. In
contrast, a relatively flat curve infers simultanedormation and dissolution of the protective

oxide layer, indicating that a dynamic equilibriumas been achieved. Similarly, a steady
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potential throughout immersion time means that gassive layer remains intact and

protective.

-0.02 T T T T T 0 T

—— As-received
- = 14T

-0.04 - .- 12T -1
=s=qT

OCP vs Ag/AgCI (V)

) 500 1000 1500 2000 2500 3000 3500 4000
Time (s)

Fig. 9 OCP vs. immersion time in 3.5% NaCl solution ferraceived and HPT-processed
SLM 316L SS samples.

Based on Fig. 9, the OCPs for HPT-processed sampdeis general more positive than that
of the as-received sample, indicating that HPT g@seimg generally improves the corrosion
performance of SLM 316L SS samples in this studwil&rly, a steady-state OCP value was
achieved for each sample after 1 hour immersiaticating that a passive, protective oxide
layer was formed in each case. However, withinHIRT -processed samples, the corrosion
tendency showed a different trend. The OCPs shifhdre positive values as the number of
turns increased from 1/4 to 1, exhibiting lowerrosion susceptibility and better corrosion
resistance. However, upon 5 and 10 turns, the sabfi€®OCPs slightly decrease, indicating
relatively greater corrosion susceptibility, bue astill more positive than that of the as-

received SLM sample.

Individually, the OCP for as-received sample shiitsitively during the initial period of 0 s
to 500 s before decreasing steadily up to 1 houmemsion. This suggests the breakage of the
passive oxide layer which was formed earlier a8@0 s immersion time. At 1/4 turn, a
steady increase in OCP value indicates continuouradtion of oxide layer throughout the
test period. However, a gradual decrease of OCievalong the immersion time after 1/2
turn may indicate continuous dissolution or evesealgce of a passive oxide layer on the
surface of the sample. After 1 and 5 turns, the ®&RBes exhibit improvement up to 2000 s
before stabilising beyond this point, which indeahat the passive oxide layer formed

15



remain intact and protective. In contrast, at Idsuthe OCP values initially decrease until
~1000 s before steadily increasing gradually, whioply that the formation of a passive
oxide layer after~1000 s could be accompanied by dissolution of thideolayer as well.
Nevertheless, all samples (as-received and HPTepsec) do not exhibit any apparent
fluctuations, which suggest negligible metastabiténg were present during the corrosion
process. The final OCP values for all samples &ed iassociated errors are displayed in
Table 3.

3.2.2 Potentiodynamic polarisation

Potentiodynamic polarisation test has been estauigs a method to quantitatively assess
the corrosion performance of a material in a giesavironment. Fig. 10 compares the
polarisation curves of as-received and HPT-prock&eM 316L SS samples through 1/4,
1/2, 1, 5, and 10 turns in the 3.5% NaCl solutiba acan rate of 0.17 mV*s Tafel fitting
analysis was carried out on the polarisation curgesietermine corrosion performance
parameters including corrosion potentile,, corrosion current densitiy,, corrosion rate,

and pitting potentiali: [35], all of which are displayed in Table 3.
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Current density (A cm?) Current density (A cm?)

Fig. 10 Polarisation curves (a) and zoomed in view of eno®gion (b) for as-received and
HPT-processed SLM 316L SS samples after corrogisin t

As seen from Fig. 10 and Table 3, in general, #ilaas ofio for HPT-processed SLM 316L
SS samples are lower compared to that of the &svest sample while the values Bf of

HPT-processed samples are more positive than thaheo as-received, which indicate
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improved corrosion performance after HPT processilgaddition, the trend dE.or value

with HPT processing turns is generally consisterth vihe results from the OCP testing.
Furthermore, the reduction in corrosion rates is #tudy follows a similar trend as OCP
with more positive values obtained with increasHfgT turns from 1/4 to 1, which indicates
continuous improvement in corrosion performancdoater number of turns. Both tests
indicate that 1 turn of HPT processing resultsh@a best corrosion performance among all

samples.

However, the corrosion rate after 10 turns is ssipgly lower than that after 5 turns, which
is contrastingly different from the trends obsered both OCP andEc, test results.
Nevertheless;; values for all HPT-processed samples are sigmifigayreater than that for
the as-received samples, suggesting that pittinggsion becomes more difficult to occur on
the HPT-processed sample surfaces as a resulttbéfigrain refinement at higher number of
turns. It is noteworthy thaE,: values for 5 and 10 HPT turns processed samples ar
significantly greater than those samples proceggedgh lower number of turns (1/4 to 1) as

shown in Table 3.

Table 3
Corrosion performance of SLM 316L SS in 3.5% Na@uson.
Sample OCP Ecor I corr Corrosion rate (um Epit
(mV) (mV) (LA cm?) year?) (mV)
As-received -13645 -101+6 0.0616+0.0151 2.53+0.62 25615
1/4 turn -112+1 -108+5 0.0348+0.0078 1.43+0.32 87518
1/2 turn -88+4 -12+7 0.0136+0.0013 0.56+0.05 84016
1 turn -67+8 -7+4 0.0069+0.0051 0.41+0.01 77319
5 turns -103+3 -53+2 0.0521+0.0107 2.14+0.44 1028+8
10 turns -107+1 -74+7 0.0117+0.0005 0.48+0.21 984+8

3.2.3 Electrochemical Impedance Spectroscopy

Despite OCP and potentiodynamic polarisation tésiig widely used to establish the
corrosion susceptibility and to determine the ceiop rates, respectively, the accuracy of the
results from both tests could be compromised dupossible interference from preceding
cathodic reaction on the surface of the sample$. [dénce, electrochemical impedance
spectroscopy was used to characterise the eleetrochl interface between electrodes and
electrolytes (3.5% NaCl solution in this study) ihss a non-destructive and sensitive
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technique [37]. The properties of an electrochehimarface that are typically obtained by
analysing the EIS spectra, e.g. impedance and itapee could be used to provide further

evidences for the mechanism of the corrosion po[24.

Fig. 11(a) displays the Nyquist plot, while Figd.(d and c) and 11(d and e) show the bode
amplitude and bode phase angle plots against fnregueof the as-received and HPT-
processed SLM 316L SS samples in a 3.5% NacCl solatbtained at OCP, respectively. All
plots were best fitted using an equivalent cir¢Ei€) model having? values < 2.0 x I6for

all EIS experimental data. The EC model (inset igf EO(a)) contains two time constants,
representing two layers of substances in seriegotisists of a solution resistandg,
corresponding to the resistance of the 3.5% Na(ltisa, two constant phase elements,
CPE.: and CPE, and two charge transfer resistandgg; andR,. The first time constant
corresponds to the parallel combinationRyf and CPE across the inner protective oxide
film, while the second time constant is attributed parallel combination &%, and CPE;

in the porous layer or defects on the outer surfdd¢ke samples.

In Nyquist plots (Fig. 11(a)), each curve represemtsemi-circle in the low and medium
frequency range, in which a large radius correspaad high corrosion resistance. It is clear
that the HPT processing generally improves theoston resistance of SLM 316L SS
samples as indicated by the larger curve radii @egpto that of the as-received samples. In
addition, samples processed through 1/2, 1 andit® thave greater curve radii as well as
high impedance values, and hence excellent comosgistances compared to other samples.
This observation is consistent with the aforemermdt trend between the corrosion rate
estimated from the potentiodynamic polarisationvesrand the turns of HPT processing,

thereby verified the results from both polarisatiomves and EIS measurements.

Bode plot of amplitude vs. frequency in Fig. 11¢hpw the impedance modulug,eg as a
function of frequencyf. Here, the polarisation resistance of the samplie electrolyteR,
(sum of Ry andRy,) is expressed in a low frequency limit € 1 Hz),R, is expressed in a
high frequency limit (f > 1 kHz), while CPE;;and CPE are expressed in the middle
frequency (1 Hz € < 1 kHz) [38]. It could be observed that the imgece values, i.dR, in
the high frequency region are not influenced bysaple difference. Meanwhile, in the low

frequency region, samples processed through 1/2ndl 10 turns have relatively higher
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impedance values compared to the other samplesXE{g)). On the other hand, the middle

frequency region shows a nearly linear dependeatveden lodZ.q and logf.
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Fig. 11 Nyquist plots (a) and an equivalent circuit (ingdgt (a)), Bode amplitude vs.
frequency plot (b) and magnified view for the lov@quency region (c), Bode phase angle vs.
frequency plot (d) and magnified view for the meldiequency region of phase angle plot
(d) for as-received and HPT-processed SLM 316L 8fpses.

Based on Bode plot of phase angpeys frequencyf (Fig. 11(d)), the phase angles in the
middle frequency region for all samples lie vergsdly to each other, with only a small
variation between -82° to -85°. This indicates that protective oxide layer formed primarily
show a capacitive behaviour [39,40]. However, afiTHbrocessed samples have relatively
flatter peaks compared to the as-received samiile thve ¢p values extending near to 1 Hz
(Fig. 11(e)). This suggests that in general, theacdive behaviour of the HPT-processed
samples could be observed over a wider range gfiérecy, and their protective oxide layers
remain intact over a longer period of time compdcethe as-received sample [41]. However,
when compared among the HPT-processed samples)esaprpcessed through 1/4 and 5
turns showed less capacitive behaviour due to thle@rper peaks compared to samples

processed through other number of turns.

On the other hand, CPE is essentially an elemertapécitance and is used to address the
non-ideal capacitive response due to surface inlgematy resulting from the surface
roughness, impurities and grain boundaries [42-Pi4¢. CPE impedance is defined by [37]:

Zepg = [Y(jw)*] ™ Eqn. 2

whereY is the admittance, defined by the ease of altergpaturrent (AC) flow into the
circuit having dimensions ofi* cm? ¢, j is an imaginary numberw is the angular
frequency, and is an exponential of the CPE determined empigoalth values of -X a <

1. The termu is related to the non-uniform current distributiiure to the surface condition of
the samples, e.g. roughness, defects, and poresCFPE could represent a circuit parameter
behaving as an ideal capacitor when 1, a resistor whea = 0, and an inductor when= -1
[37]. Furthermore, the total impedance or polaisatesistanceR, representing the overall
corrosion resistance of the material in this casgbitained by addinB, andR,,. The values

for bothR;, andR,,: obtained from this EC model simulation are sumsstiin Table 4.
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Table 4
Parameters of EC obtained from simulation basetthef|S experiment data.

Sample Ru Rin Rout Rp Yin Win Yout Oloyt
(Q cnm) (kQ (kQ cn) (kQ (10*Q* (10*a*
cm’) cm’) cm? &) cm? &)
As-received 66.7+0.1 454123 74 461+5  0.13+0.07 0.92+0.03 1.62+0.22 1.00+0.01

1/4 turn 55+0.1  824+18 155416 979+1  0.16+0.03 0.93+0.05 0.20+0.04 0.93%0.04
1/2 turn 55.7+0.2 211+15 1860+102 2071+4 0.27+0.04 0.91+0.06 0.09+0.03 0.89+0.06
1turn 58.4+0.1 160+17 2220+115 2380+7 1.12+0.04 0.91+0.03 0.15+0.02 0.97+0.03
5 turns 57.8+0.3 216+20 513+43 729+4  0.11+0.08 0.93+0.04 0.23+0.05 0.94+0.05
10 turns 56.1+0.1 351+22 19704125 2330+9 0.17+0.02 0.93+0.02 0.16+0.03 0.98+0.02

As shown in Table 4, the polarisation resistame/alues of HPT-processed samples are far
greater than that of the as-received sample, wéiyrificant increase from 46Xken¥ in the
as-received samples to 979 knt after only 1/4 turn. This increasing trend contisuatil 1
revolution, before a sharp decline observed afteirs and a dramatic improvement after 10
turns, in which highR, values correspond to exceptional corrosion rasistaFurthermore,
after 1/4 turn, the value d®&, is higher tharR,,, which suggests that the enhancement in
corrosion resistance is largely contributedRyy However, as the number of turns increases,
the corrosion resistance improvement is largelytduee increase iR, values, as indicated

by the consistently higher valuesRj,: compared to that d%..

3.3SEM and EDX analysis

To gain further insight on the corrosion behaviotiISLM 316L SS samples through HPT
processing, SEM observation and EDX analysis wemrdacted for the as-received and
HPT-processed samples. Fig. 12 shows the surfagghwlogy of the as-received SLM 316L

SS samples before and after undergoing corrosioceps, while the chemical composition at
selected areas as obtained from EDX analysis pdagied in Table 5.

Table 5
Chemical composition of marked areas in Fig. 1&tn%.
Area Cr Ni Mo Mn Si S O Cl Fe
E 7.84 10.31 0.67 1.02 - - 23.72 4.53 51.91
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F 12.25 10.67 1.68 3.12 - 1.44 4.05 - 66.79
G 11.23 14.38 1.12 - 10.71 - 26.33 - 50.61
H 16.55 13.07 2.65 2.04 - - 853 1.14 56.02

X3,000 ‘I;nn_ WD 15.2mm C SEl 160kvY X100 100um WD 8.7mm

i . 3
SEI 16.0kv X100 WD 8.7mm

Fig. 12 Surface morphology of as-received SLM 316L SS darbpfore corrosion test (a)
and after corrosion test (b, c, d).

A large and deep crevice could be seen formedegbeniphery of the test region (Fig. 12(b)),
with EDX analysis (Table 5) revealing the preseoic€l with a reduction in Cr at the crevice
(area E). These suggest that the initially protectCrO; passive layer is eventually
destroyed by the attack by the @ins from the electrolyte and could not re-padsivue to
the lack of oxygen [41,45]. As a result, a deeiceewas formed at the periphery of the test
area. Severely corroded pits could also be obseneed the crevices, suggesting that the
growth of pits begin from and scatter around thlevice area (area F). The increasing amount
of Mn and the emergence of S near the pits (ares Bhown in Table 5 indicate the presence
of MnS inclusions which becomes one of the nuabeasites for the pits.
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Moreover, surface defects such as pores could @stocations for corrosion to occur as
observed in Fig. 12(c), e.g. area G. Such poreshadre typically present in SLM-fabricated

samples, suffer from high metal dissolution aftemg exposed to the electrolyte. This is
because the pores provide an easy pathway for tendiffusion, hence accelerating the
dissolution of metal compared to other areas [46k presence of Si and O indicates the
existence of Si-rich oxides on the surface of theep, while Ni could also be observed to

segregate to the pore area.

Upon higher magnification, corrosion attacks colld observed along the melt pool

boundaries as indicated by the arrows in Fig. 12{thjs is an interesting observation as
corrosion attack normally occurs along the graimrutaries, i.e. intergranular corrosion

(IGC), but here the grain boundaries are poorlyngef due to the fine and heterogeneous
microstructure distribution as a result of SLM mssing. In this case, the melt pool

boundary becomes an active site for corrosion lattastead of the actual grain boundary.
Hence, this type of corrosion could not be clasdifas IGC, but more precisely as attack
along the melt pool boundaries. Results from theXESDowed slight segregation of Ni into

the melt pool boundary and the presence of Cl atbregattacked melt pool boundary (area
H) as indicated in Table 5.

The surface morphologies of corroded HPT-processedbles through 1/4, 1/2, 1, 5 and 10
turns are shown in Fig. 13 and the elemental coitippsat selected areas are shown in Table
6. Crevice and pitting corrosion are common for thié HPT-processed samples with
different number of turns, but the crevices arellEnand less deep compared to that of the
as-received sample (Fig. 13(a), (c), (e), (g), &milarly, less pits are observed for the HPT-
processed samples as the number of turns incressarfows). Moreover, the increase in Cr
content accompanied by reduction in Fe as the nuoflt@rns increased (except for 5 turns)
indicate more uniform oxide layers were formedadidition, corrosion attack along the melt
pool boundaries is also a common corrosion mechafos the samples up until 1 turn of

HPT processing.
It is noteworthy that the attack increases as timber of turns increase from 1/4 to 1/2 and

breakage of the melt pool boundary is observed aftern (Fig. 13(b), (d), (f)). In addition,

EDX analysis also revealed an increase in the am@un %) of Mn segregation into the
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melt pool boundary up until 1 turn of HPT procegsisuggesting that Mn played a key role

in the breakage of the melt pool boundary.

Nevertheless, the overall corrosion resistanceongs up to 1 turn of HPT processing based
on the electrochemical tests, thus suggestingtiieabreakage of melt pool boundary did not
significantly influence the corrosion performancempared to the crevices and pits. The
significantly higher wt. % of Cr than Mn (Table 8)ggests that the formation of passive
Cr,0O3 layer outweighs the negative effect of corrositinack at the melt pool boundary.

Beyond 1 HPT revolution, the breakage of the metil fpoundary and attack along the melt
pool boundary no longer occur when observed atdnigiagnification, most probably due to
the extreme grain refinement after 5 and 10 tudesice, crevice and pitting corrosion are the
main corrosion mechanisms under higher number wistitHPT processing. After 5 turns,
crevices corrosion attacks begin to appear againaam even larger and deeper compared to
other HPT-processed samples (Fig. 13(h)). This trghthe reason that samples processed
through 5 turns display lower corrosion resistacm@pared to other HPT processed samples,

despite still being performed better than the agived sample.

EDX analysis also indicates better formation oftfésed oxides due to the greater wt. % of
Fe at 5 turns compared to at 1 and 10 turns (Téplelowever, the size and depth of these
crevices decrease after 10 turns (Fig. 13(j)). Méedess, in both cases the amount and size
of pits are much smaller compared to the as-redearel HPT-processed samples at lower
number of turns (1/4, 1/2, and 1) as indicated lby ted arrows. The observed higher
resistance to pitting corrosion is in consistendth whe polarization curve measurement

results of the greatdd,;; values for the samples processed through 5 atard (Table 3).

Table 6
Chemical composition of marked areas in Fig. 1&tn%.
Area Cr Mo Mn @) Fe

| 15.05 - - 29.36 55.59
J 16.25 2.61 1.44 36.42 43.28
K 16.89 2.39 1.57 41.58 36.15
L 18.27 2.23 2.04 50.70 26.76
M 14.92 2.61 1.48 49.96 31.03
N 16.77 2.65 1.45 51.26 27.87
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1/4 turn

15.0kV X100 100zm WD 6.0mm

1/2 turn

15.0kV X400

1 turn

X100 100um WD 6.7mm

5 turns

SEI 160KV X400 10um

10 turns

150KV X100  100pm WD 6.4mm 160KV X400 10pm

Fig 13 Surface morphology of corroded samples of SLM 3$& processed through HPT.
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4. Discussion

Metal AM processes such as SLM and EBM have ofteenbfound to produce unusual
microstructures which are typically finer than theconventionally manufactured
counterparts, e.g. wrought or cast. On the othedh&PD techniques such as ECAP and
HPT typically produces extreme grain refinement dow the ultrafine grained level i.e.
grain sizes < 1 um, apart from altering the graonrglary and dislocation density levels in
the processed materials. In this study, the comibimaf SLM and HPT yielded distinct
microstructures; ‘island’ scan traces representimg melt pools that correspond to the
‘island’ scan strategy, and cellular structurességhon the OM and SEM observations, the
cellular structures are heterogeneously distributecbughout the fabricated samples.
However, as the number of HPT revolutions was e®ee, not only the cells were extremely
refined, some degree of microstructural homogenedity also introduced due to the torsional
strain imposed, as indicated by the decreased learsrfor the average microhardness values

as the number of turns increased (Fig. 5).

In addition, the application of HPT has resulted isignificant increase in microhardness for
the SLM 316L SS samples, with continuous increasElV values as the number of turns
increase, e.g. ~250 HV for the as-received SLM danp ~525 HV after 10 turns. Such

increment in HV values are attributed to the refieat of the cellular structures, reduction in
porosity, as well as the introduction of dislocasalue to the torsional strain imposed during
HPT [18,29,47,48]. Recently, a study by AIMangouak [49] has introduced SPD on AM-

fabricated 17-4 stainless steel by shot peenings Téchnique was able to improve the
surface roughness, microhardness, yield strengtt, veear resistance on the fabricated
samples in which such improvements are associattdd grain refinement down to sub-

micron and nano-scale levels attained by shot pgertiowever, since shot peening is
essentially a surface modification technique, tte material used for shot peening only
penetrates a short distance into the base struajuaen refinement, the nano-scale layer,
hence the enhancement in the previously mentionggepties observed in the study mainly
occur only at surface level. On the other hand, gamed to shot peening, the strain-induced
deformation in HPT process takes place throughbetdisk rather than on surface only.
Hence, the improvement in mechanical propertieainbt by HPT, e.g. microhardness, yield
and tensile strengths are expected to occur asoéewite. on the bulk material and not only

at selectively treated surfaces [50,51]. Furtheemtine shot-peened structure in that study
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only yielded a microhardness value ~450 HV, whilower than that obtained via HPT in
this study, indicating that HPT processing coulsuitein higher strength for AM-fabricated

samples, compared to the shot peening treatment.

On the other hand, despite having excellent casrosesistance, surface defects such as
pores, cracks and surface roughness have been foumehatively influence the corrosion
behaviour of 316L SS [52]. Various studies haveoregal poorer corrosion resistance in
SLM-fabricated 316L SS samples compared to coneeally manufactured material
independent of electrolyte environment due to tles@nce of pores in the solidified structure
[26,45,53]. For example, Geenen et al. [45] fotimat corrosion attack on pores continues
through the crevices, and in addition with cracks axides, further worsen the corrosion
resistance of SLM-fabricated 316L SS inSD, electrolyte. Sun et al. [53] observed
preferential corrosion attack at the pre-existingreg inside SLM-fabricated 316L SS
immersed in 0.9% NaCl solution due to the incregsaggressiveness of anolytes in the

pores, resulting in breakdown in passivity and braged dissolution of metals.

In this study, appreciable porosity level was oabyious in the as-received SLM sample.
Even though the porosity content is fairly smalb{@® * 0.051 %), their uneven distribution
throughout the sample significantly impacts therentr density, corrosion rate and hence the
corrosion performance of the as-received SLM 31&. Stero et al. [54] and Gabe [55]
explained that the initially formed stable passosade layer becomes ruptured due to the
attack by the Clions after the material is immersed inside thetedyte, which then reaches
the inside of the pores through the crevices forohezlto the existence of active-passive cells
between the insides of the pores and the intertdfcéhe material before the material
disintegrates. The disintegration of metal in thigdy is confirmed by the EDX analysis
(Table 5), in which a substantial decrease in ke @nwas observed at the pore area (Fig.

12(c)), accompanied by an increase in O content.

Apart from pores, the presence of inclusions andiesxwere also considered as defects
which contribute to pitting corrosion in stainlesteel products. Studies have shown MnS
inclusions could be nucleating sites for pits iesBIL6L SS [21,41]. This is because of the
increased Clions concentration which preferentially attacksalwgpoints (defects) on the

surface of the material until the passive filmla tveak points dissolves, forming pit holes

[41]. This phenomenon was also found within theex®ived SLM sample in this study as
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shown in area F of Fig. 12(b) and Table 5, in whacslightly higher amount of Mn and the
emergence of Cl element were present at the pa. ddowever, the corroded pits are

scattered as the formation of inclusions is a randocurrence [26].

The combination of processing temperature, graze,ssurface conditions (chemistry and
defects), and corrosive media (environment) areddo influence the corrosion performance
of 316L SS, hence it is difficult to isolate thdeets of individual aspect on the corrosion
resistance of the material [22,23]. Various studiase reported ambiguous results in the
influence of grain size and corrosion medium on ¢beosion performance of metals and
alloys [36,42,56]. For example, Rifai et al. [5Hserved an improvement in pitting potential
and hence the pitting resistance when ultrafinengch(UFG) Fe-20%Cr steel was produced
via ECAP and exposed to 1000 mof iNaCl solution. However, Nie et al. [37] observed a
worse corrosion resistance in HPT-processed comatigrpure Ti exposed to 3.5% NaCl

solution after further grain refinements at highi&T revolutions.

Hence, it is difficult to generalise the relatioipshbetween grain size and corrosion
performance. However, Ralston and Birbilis [58] gested that in general, the increase or
decrease of corrosion resistance in a materialtdwgrain refinement is dependent on the
ability of the environment (corrosive media) to gimate. The corrosion resistance of a
material is expected to decrease with grain refgr@nm active (non-passivating) media, e.g.
HCl and HSO, solutions. Conversely, grain refinement would ioy& the corrosion
resistance of a material when it is exposed toipassedia, e.g. NaOH and NaCl solutions.
However, in environments promoting active-passiesponse, grain refinement would

accelerate uniform corrosion but reduces the stibaidy to localised corrosion.

The main mechanism of corrosion resistance imprevendue to grain refinement in

passivating environments is attributed to the enbdrformation and adhesion of passive
films on the base metal as a result of increasadh droundary density [58]. Moreover, the

higher strain-induced grain refinement obtainedhigher HPT revolutions produces larger
amounts of grain boundaries and non-equilibriumingb@undaries (or cell boundaries in this
study), greater dislocation densities and highesidteal stress on the samples, hence
providing further nucleation sites for the passoade layers to become more stable and

intact [36]. As a result, the improvement of comosresistance as the number of turns
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increase could be attributed to the increased tieisk and density of the passive oxide layer
formed.

However, this pattern was no longer observed dteevolutions, as the corrosion rate
increased before decreasing again after 10 tumeral, HPT processing has improved the
corrosion resistance of SLM 316L SS. The best swororesistance as indicated by the
corrosion rate values in Table 3 is obtained aft&tPT revolution (0.41 + 0.01 um yé&ay
followed closely by 10 turns (0.48 + 0.21 um y8aDespite 5 turns of HPT producing the
worst corrosion rate among HPT-processed sampléd 20.44 pm yed), it is still better
than that of the as-received sample (2.53 + B2year’).

The unexpected deterioration in corrosion resigaafter 5 turns could not possibly be
attributed to the corrosion attack on the cell larres or even to pitting corrosion. This is
because the attack on cell boundaries could ncelolpg observed beyond 1 HPT revolution,
whereas the substantially greaigk value (1028 mV) obtained at 5 turns compared ¢oatsr
received sample and HPT-processed sample throwuggr loumber of turns (1/4, 1/2, and 1)
indicates significantly enhanced resistance toingttcorrosion. Based on the SEM
observations in Fig. 13, the lower corrosion rdieamed after 5 turns could be explained by
the extent of crevice corrosion observed on theodad sample. This observation is
supported by EDX analysis shown in Table 6, in \Wwhite chromium content in the crevice
was found to be the lowest among all HPT-processauples. This indicates limited
formation of passive GD;3; layer which promotes corrosion attack by aggres€iV ions,

resulting in a large and deep crevice [41].

However, the limitation of passive £ layer formation at 5 turns of HPT processing could
not be attributed to the cellular structure refieamalone because the higher cell boundary
density obtained should in fact further encourdgeformation of the passive oxide layers.
Hence, this dichotomy could be explained by alswsatering the grain (or cells in this study)
distribution throughout the fabricated samples, aont only in terms of grain (or cellular
structure) refinement, as proposed by Gollapudialet[23]. They explained that in a
passivating environment, for the same average giaai.e. for a material having either fine
or coarse grains only, a smaller distribution o&igrsize encourages improvement in
corrosion resistance, and vice versa. On the dthed, for a bimodal microstructure i.e.

having both fine and coarse grains simultaneously passivating environment, corrosion
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resistance is enhanced if the volume fraction pé fgrains is higher than that of coarse

grains, and vice versa [23].

Compared to the lower number of turns, the effdcexdareme equivalent torsional strain
imposed via HPT after 5 turns (Fig. 8(b)) indicagrower cellular structure distribution
(Fig. 6(d)), suggesting that some levels of rerttistion of dislocations and cellular
structures or even grain boundary densities migmpbn within the cells and at the cell
boundaries. This could significantly influence ttedl or grain size distribution in the sample
processed through 5 HPT revolutions, which weakbascapability to form passive oxide
layer. Furthermore, further elemental segregatindaced by the increasing torsional strains
have also been found to cause spatially heterogisnelmange in their compositions, which
could alter the passivation mechanism of this nadté22]. Hence, these suggest that the re-
distribution of dislocation cells and eventuallyams, as well as elemental segregation might
influence the strain-induced surface reactivityrstitat it overpowers the formation of the

passive oxide layers [58—60].

Nevertheless, except the samples processed thiotfhl revolutions, the results from EIS
(Table 4) show that the improvement in corrosioeistance within the HPT-processed
samples is attributed to the formation of thicked alenser passive oxide layers as the
number of turns increased. Based on the EC modelmfayers in series which best fitted
the experimental EIS data, the polarisation rest&aR, is divided intoR, and Ry Rin
corresponds to impedance from the inner protectkide layer, whereaR, is related to that

of the outside layer that contains pores or defeécw R, values mean that the passive oxide
film formed on the inner layer is unstable whenasead to the electrolyte solution. On the
other hand, low values &%, are attributed to the presence of defects andspmrehe outer

surface layer.

Based on the results in Table 4, the IBy; value for the as-received SLM samples is
expected due to the existence of appreciable ammadmores on the outer surface. Similarly,
the inner passive oxide layer formed after 1/4 toutperforms the significant reduction in
porosity level due to HPT processing as indicatgdhie higherR,, value compared tR.,
even though the value &, increased. After 1/4 HPT revolution, both the eslwfR, and
Rout increase significantly, which are indicative ofcter and denser passive oxide layers

being formed. Some level of microstructural homaggnhas been achieved, and substantial
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amounts of pores and surface defects have beermnatad. The significantly highdRyy:
values tharR,, as the number of turns increased beyond 1/4 stgytjest the considerable
reduction of pores and defects due to HPT procgdgsimuch more effective in enhancing
corrosion resistance, as compared to increasingeasites and improving microstructural
homogeneity. However, within the HPT-processed saspphe reduction iR, and Ry
values after 5 HPT revolutions shows that the langwices have negatively impacted the

formation of passive oxide layers.

5. Conclusions

In this study, the novel combination of AM (SLM ketque) and SPD (HPT process) has
been studied together in a single process sequdtéé. SS was firstly fabricated by SLM

and subsequently processed by HPT through 1/4,11/8, and 10 turns, in which larger
amounts of torsional strain was imposed on the &zsmgs the number of HPT revolutions

was increased.

The complex microstructures were observed with S&M TEM in the SLM-fabricated
sample with featuring ‘island’ scan tracks repréisgnmelt pools and cellular structures,
which are attributed to the rapid heating and capbycle experienced during SLM. On the
other hand, the torsional strain imposed during HRfoduced deformation in the scan
tracks as well as in the cellular structures. To@nstracks were eliminated after 10 turns,
while the cellular structures became increasindgiyngated and narrower as the number of
turns were increased. HPT processing has also ssfatly produce nano-scale grains after

10 turns.

It is also found that the application of large amtsuof strain during HPT processing was
able to effectively ‘close’ the pores and hencenificantly reduce porosity content. In
addition, the increase in microhardness values atebuted to the cellular structure

refinement attained as the number of HPT revolstiogreases.

Electrochemical testing performed in 3.5% NaCl soludemonstrated that HPT processing
can generally improve the corrosion resistancel®fl S316L SS when compared with the as-
received samples. However, within the HPT-processamuples, a noteworthy trend was

observed that, as the number of turns increaseud fté4 to 1, the corrosion resistance
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continuously improved, but deteriorated after Sasubefore improving again after 10 turns.
Combined with SEM and EDX results, the observecaanbment in corrosion resistance of
the HPT-processed SLM 316L SS is attributed to s$hgmificant pore reduction and

microstructural homogeneity induced by HPT progegsias well as thereby increased

thickness and density of the passive oxide layenéa on the processed sample surfaces.
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